Introduction
The energy loss of charged particles passing through matter has been a prominent research topic in nuclear physics and attracted the attention of some of the most illustrious physicists of the last century. As a result, a comprehensive understanding of the fundamental aspects for the slowing-down of charged particles in matter seems to have been achieved long ago, although many details remain to be explored. Nevertheless, recent experimental results have revealed that high-energy heavy ions exert a mechanical action on the slowing-down medium that is not yet understood [1] . Whatever this action is, it manifests itself in different ways. One effect is the formation of particulate ejecta when a high-energy heavy ion traverses a thin solid film. Another phenomenon is the Klaumünzer effect or the "Ion-irradiation induced anisotropic plastic deformation." [2, 3] Here, high-energy ions penetrating amorphous solids and dissipating their energy in the electronic stopping power regime, cause a permanent expansion perpendicular to the ion track and a contraction parallel to it. If, however, these solids are bombarded in their crystalline forms, no dimensional changes take place.
This phenomenon is not understood, but it is very much related to the mechanical action produced by the secondary electrons produced in conjunction with the electronic stopping power that is also the cause of the fission-fragment ejecta from fissile materials. Highenergy cosmic rays have also been implicated in the processing of interstellar dust particles. The attrition, taking place over several hundred million years, is believed to be caused in part by electronic sputtering. By quantifying this process and putting it on a firm physical base, we hope to contribute to the resolution of these scientific issues.
Of more practical interest to LLNL, fission fragment sputtering is likely responsible for the unexplained dispersion that occurs in high activity actinide materials. For example, it has long been known that 238 Pu migrates much more rapidly than 239 Pu. This is attributed to the higher activity of 238 Pu, but the mechanism has never been understood. Sputtering by spontaneous fission and, to a lesser extent, by alpha decay will create ejecta and therefore contribute to the migration of these materials. This is an important consideration in contamination control when handling these materials.
This project was funded at 160K for FY04 and at 226K for FY05. The project was not funded in FY06. As a result, the experimental work and modeling was not completed. However, sufficient experimental and modeling progress was made to answer (or bound) many of the questions that were posed at the beginning of the project.
Background
The fission reaction produces two products with average mass numbers around 97 and 140 and with a total kinetic energy of about 167 MeV. The heavy fission product carries off around 67 MeV while the light fragment has an energy of around 100 MeV. The remainder of the energy liberated by the fission event, about 37 MeV, is imparted on the neutrons (5 MeV), photons (12 MeV), electrons (8 MeV) , and neutrinos (12 MeV).
The range of fission products has been measured in U at its normal density of 18.7 g/cc, and it ranges from 4.5 to 7.3 µm, with an average value is 6.7 µm. Since the range varies inversely with the density, the average range in delta Pu can be estimated to be about 7.6 µm.
Sputtering is normally thought of as a knock-on process that is dominated by nuclear interactions of relatively low energy and can be modeled with existing molecular dynamics codes such as MDCASK. In the energy range of the fission fragments, however, interactions occur largely with the electrons and not with the nuclei. Thus, the sputtering observed is not a result of simple knock-on processes and a more advanced theoretical basis, valid under a wide variety of conditions, is needed. Irradiation experiments provide the necessary hard data to validate the models and refine the fundamental theories and parameters needed to extrapolate to other conditions of interest with confidence. Crucial to this effort will be the development and validation of a theory that accurately models the energy deposition profile of hot secondary electrons that are produced by the fission fragment ion track and an understanding of how the hot secondary electrons impart their energy to the atoms of the matrix.
The fission events occurring within this range from the surface have a probability of 1/4 to emit fission fragments. Along their track, however, the fission fragments produce many recoil atoms with significant kinetic energies that they can also escape. The more detailed analysis of the collision cascades produced by energetic ions gives the following picture. At the end of the range of the energetic ion, a dense collision cascade is produced which resembles a liquid inclusion under high pressure. When this dense collision cascade is close to the surface or even intersects it, part of the heated material can be ejected. Experiments reported in the literature and discussed below have shown that about 1500 atoms are ejected from a U foil per escaped fission fragment, and about 3500 from a Pu foil (see Table 1 ).
The first experimental results reported were by Laptev and Ershler [4] . The experimental setup consisted of a foil of fissile material and a collector foil of aluminum spaced 1 mm apart. The sandwich was enclosed in an evacuated capsule which was inserted in a nuclear reactor and exposed to the thermal neutron flux. After the irradiation, the α activity of the collector foil was measured and the amount of deposited fissile material determined. Some of the results are listed in the table below. They are for the mechanically polished foils with little or no oxide films. Foils with substantial oxide films were reported to have sputtering yields lower by a factor of 100. [5] . In these experiments, particular attention was paid to the time dependence of the sputter-deposited material. It was found that the amount of material captured on the collector foil reaches a saturation value with increasing time or fluence because the deposited fissile material will be back-sputtered to the U foil. Therefore, only the initial rate of material collected provides the correct sputtering yield. This yield agreed with the earlier Russian results of about 2000 atoms per escaping fission product. To explore the mechanism of fission fragment sputtering in more detail, Rogers [6] examined by electron microscopy the morphology of the deposits. For low fluences, the deposits consisted of isolated spots containing on average about 10 4 U atoms and forming islands with an average diameter of 7.3 nm. The number of spots increased with fluence until their density reached a value of 3*10 11 cm -2 . Beyond this density, larger islands are formed by spot coalescence. Given the size of the individual deposits, about 10 4 atoms, it was concluded that only one in 16 fission fragments that escaped created a deposit.
While there has been an enormous amount of experimental and theoretical research in subsequent years on implantation sputtering [7, 8] , no further investigations have apparently been conducted on sputtering from internally generated decay products. However, the knowledge accumulated on implantation sputtering can be applied to the fission fragment sputtering to address the following issues.
a) Temperature Dependence
The dominant mechanism for sputtering at high particle energies and in high-Z materials is by the thermal spike process. Near the end of the energetic particle range, a dense collision cascade is formed which quickly becomes a molten inclusion. However, the duration of the liquid state is so short, on the order of a few picoseconds, that ballistic and diffusional mass transport processes are not affected. It is for this reason that sputtering yields have been found to be independent of the target temperature [9] . It can therefore be assumed that the fission fragment sputtering yields are the same for all temperatures, and even the same for the solid and liquid phases.
b) Surface Conditions While the early Russian results gave dramatically different results for the sputtering yields of oxidized foils (about 30 fissile atoms per escaped fission fragment) and polished foils, the oxide layers were presumably rather thick. In contrast, Rogers and Adam [5] did not detect any difference in sputtering yields from oxide free or oxidized samples. The oxide film in their specimens were presumably much thinner.
The surface preparation of samples for sputtering experiments has been reported to influence occasionally the measured yields. This has been attributed to "chunk" emission [10] of micron-sized particles which apparently had not been completely removed from the surface during the sample preparation. These particles are believed to have been created by the mechanical polishing process, and they may be released when a collision cascade forms within it or in close proximity. Obviously, most of these "chunk" emission results have been impossible to reproduce in other experiments.
Approach
The objectives of this LDRD study were as follows:
• verify the sputtering yield that was determined in previous studies • determine the energy of the sputtered particulate ejecta • develop a model to explain the observed energy and yield of the ejecta, and • apply the model to other conditions of interest To complete the above objectives a combined and integrated approach involving experiments and modeling was pursued. Two types of experiments were pursued, reactor irradiation and accelerator experiments. Modeling was performed using fundamental physics considerations and molecular dynamics codes such as TRIPOS-E and MDCASK.
The first type of experiment was reactor irradiation experiments using natural uranium foil. Natural uranium was used because it is easier to handle than weapons grade plutonium or highly enriched uranium. Natural uranium still has 0.7% 235 U and will exhibit about 1/85 of the number of fission fragments as 93% enriched HEU.
The second type of experiment was accelerator experiments using 20 MeV charged Xe +5 ions through a foil of tin (Sn). The disadvantage of the accelerator experiments was that the ions have lower energies than the fission induced fragments. However, the accelerator experiments have the advantage that the direction of the beam can be controlled. Another advantage of the accelerator experiments is that non-radioactive samples can be used and no radioactivity is induced by the exposure.
For the modeling portion of the studies, TRIPOS-E was used to model and track the secondary electrons. The code was modified to keep track of the energy and momenta of the individual secondary electrons. MDCASK was then used to model the movement of the nuclei after addition of initial momentum.
Experimental Studies

A. Reactor Irradiations
Specially designed experimental packages were irradiated at the McClellan Nuclear Radiation Center (MNRC). Meeting severe space and materials constraints, these packages contained the uranium foils, the TEM collection grids, and varying pressures of stopping gas. Due to activation related concerns at the MNRC, the materials and quantities in the sample assembly was restricted. The materials allowed for the assembly were carbon-coated titanium for the TEM grids, 1100 series aluminum for the target and sample holder, and a quartz containment vessel which would encapsulate the uranium as well as serve as the vacuum vessel for the less-than-atmospheric-pressure stopping gas. These materials presented construction challenges as titanium TEM grids are a special order item, 1100 aluminum is difficult to precision machine, and quartz glass blowing was no longer available at LLNL. In addition, it was initially agreed that the experiments would be moved in and out of the reactor using the MNRC's pneumatic transfer (rabbit) system. This placed further constraints on the design of the experimental package as it could be no larger than 16 mm in diameter and 8 cm in length. The final design was produced using solid works software and is shown in Figure 1 along with photographs of some of the parts.
The experiment consists of a 0.33 g disc of natural uranium (11 mm diameter) placed between two spacer rings of identical length. The length of these spacer rings, in conjunction with the pressure chosen for the backfilled gas, provides a scalable resistance to an ejected fission fragment's flight to the collector grids. This provides flux vs. penetrated gas thickness data similar to that presented by Pauker and Steiger-Shafrir for Cf [11] and, when combined with fragment size analysis from the TEM, will set the minimum energy with which the fragments leave the uranium surface. Space limitations did not allow for both on-center and off-center TEM grids to be placed on a single collector. As a compromise, an on-center grid was placed on one side of the uranium disk, while four off-center collectors were placed on the other. It is hoped that this geometry will allow us to see any angular distribution of the fragment material if it exists. Figure 2 shows the components of the sample holder prior to assembly. In this picture the uranium disk has been replaced with aluminum disks of an equivalent weight for a test run of the entire package in the reactor at MNRC. Figure 3 shows the complete assembly of the components from Figure 2 . Figure 4 shows the final sealing of the experimental package. Any backfilling of a stopping gas into the evacuated ampule is done just prior to this final sealing step. Figure 5 shows the preparation of an ampule from quartz tube stock. This glass blowing capability had been lost from LLNL and had to be reacquired through training sessions with an outside contractor. The sealed ends need special care as any leak would admit air into the experimental package and structural flaws could lead to failure of the vessel during the rapid acceleration and deceleration phases experienced in the pneumatic transfer system. Figure 6 shows the final experimental assembly. This assembly would then be placed into a "rabbit" (Figure 7 ) and placed into the pneumatic transfer system at the MNRC for insertion into the reactor. The glass wool seen on either end of the assembly in Figure 6 prevents the aluminum holder from directly striking the sealed ends of the ampule during acceleration/deceleration. Cushioning material was also placed in the rabbit to prevent the package from moving within the rabbit as well.
Twelve experiments were irradiated at the MNRC. The dose received, the date irradiated, the stopping gas pressure, and other parameters for each experiment can be found in Table 2 .
TEM analysis of the fission fragments collected on the grids will provide distributions of the fission-induced fragment size, yield, and energy. After approximately half of the experiments had been assembled, evacuated, backfilled, and sealed it was noticed that some of the uranium disks had a shiny residue that adhered to one side. Scraping this residue could remove some material, but it would not delaminate intact. The residue is likely some of the cleaning compound left over from the machining of the material into disks, but will have an unknown effect on the experiments. The residue was only found on a single side, therefore, even if the residue would prevent a fission fragment from reaching a collector, the collector facing the opposite side of the disk should not be affected. In is clearly important to note the relative orientation of the disk and collectors when the experiments are disassembled. If the residue vaporized during irradiation, it will have increased the background pressure inside the tube. This would affect sample collection on both collectors and since no baseline exists, it would be difficult to differentiate from the intentionally backfilled gas pressure.
B. Acclererator Experiments
Simulated fission fragments were generated using the CMS accelerator in B235. In this experiment, 20 MeV Xe +5 ions were directed into tin (Sn) foils in both transmission and grazing geometries (Figure 8) . Tin was chosen as a non-radioactive surrogate for uranium based upon a figure-of-merit (FOM) derived from a ratio of its electronic stopping power (for ion energies near the surface) to its melting point. In a transmission geometry (in which the Xe ions enter a 1 μm thick foil with 20 MeV and exit with ~8 MeV) the FOM for Sn is ~0.833. Using this FOM scheme, a Sr fission fragment within uranium has an FOM of ~ 2.083, just 2.5 times greater than the FOM for Sn. Other potential surrogates scored a little lower using this FOM: 0.800(Cd), 0.693(In), 0.684(Pb), and 0.664(Zn). The similarity in magnitude of the FOM suggests that ejecta produced by these materials may originate via the same mechanism. It is for this reason that accelerator driven ions can provide additional test data for calculations designed to simulate fission-induced ejecta. The transmission geometry experiments were inconclusive because only one Sn fragment was collected, well below our initial expectation. The beam dose required to determine the sputter rate is much higher than we used but appears to be easily achieved with our present set-up. Figure 9 shows TEM images of a sputtered fragment collected from a foil in the transmission geometry. Multiple fringe sets in the left image show that the particle is polycrystalline, while the pattern produced in the jump ratio image on the right confirms that the particle is Sn. The featureless area below and to the right of the particle in both images is likely the damage track left by an ~8 MeV Xe ion in the collection foil.
Total fluence for the experiment was 4.44 x 10 12 Xe/cm 2 . Only this one particle was found upon searching two TEM grids (~3.25x10 4 μm 2 ). Assuming it is a hemisphere, it contains ~1200 atoms.
Our simulations indicated that the amount of energy transferred from the passing ion would be greater in the radial direction than in the axial direction. Our results of the grazing angle geometry experiment confirm the modeling. Figure 10 -left is a TEM image of the particles collected from the grazing geometry. Two particles, with crystalline fringes, are clearly seen in the lower left quadrant of the image. Several even smaller particles seem likely. Unlike the TEM analysis for the transmission geometry, these particles were found very quickly after examining a limited region. However, there were still too few particles to accurately determine a particle density using TEM. An EDX analysis (Figure 10-right) of the area shown in Figure 10 -left indicates that the particles are, in fact, Sn and not some other contaminant. During the grazing geometry experiment it was possible to simultaneously collect the sputtered Sn on substrates suitable for AFM analysis. Figure 11 -top and lower left show AFM images of Sn which was co-deposited onto the Si substrate. A large number of particles are seen in these images, and although the AFM has no mechanism to conclusively prove that the particles shown are Sn, the image of the clean substrate (Figure 11-lower right) shows that the particles seen can not be accounted for by preexisting contamination. In addition, Rutherford Backscattering from the highly ordered pyrolytic graphite (HOPG) substrate (see Figure 8) showed a surface concentration of Sn atoms at ~10 15 atoms/cm 2 . The incoming Xe ion flux for these substrates was ~1.5 x 10
13
Xe/cm 2 . If we assume that the particles ejected are hemispheres, that in the metal Sn bonds to neighboring Sn with ~1 eV and is separated by about 2 Å, and that each Sn on the ejected particle breaks only one bond with a Sn atom in the parent material, a maximum ejected particle size can be determined. For 20 MeV a maximum diameter of ~600 nm is found, and for 8 MeV, ~400 nm. Though the assumptions used are very rough estimates of the true value, this result is an order of magnitude larger than the measured sizes of any of the particle we have seen, providing further indication that the observed particles are the result of the sputtering process and not the result of contamination.
Modeling Studies
A. Kinetic Energy of the Sputtered Material
Very few studies have been carried out on the energy distribution of sputtered atoms. An example [12] of an energy spectrum from 6 keV Xe + implantation of Ag is shown in Figure 12 . The energy spectrum can be fitted by a superposition of two spectra.
The first term represents the atom flux emitted from the thermal spike region of the collision cascade. The mean energy of the atoms in the thermal spike is denoted by Θ, and it is equal to 9 eV for the spectrum shown in Figure 12 . Much larger values of Θ are expected for high energy, heavy ion damage in high-Z targets. The second term arises from the few target atoms which receive a large momentum transfer from the primary ion, and it mainly contributes to the high-energy tail of the spectrum. E B is an effective surface binding energy, and C 1 and C 2 are two fitting parameters.
The material sputtered by low energy ions is in the form of individual target atoms, and their energy distribution as well as the sputtering yield is determined by the nuclear stopping power. For high-energy heavy ions, the electronic stopping power is dominant, and it is not known how the ejected target material acquires its kinetic energy, much less how large it is.
To obtain an estimate for the kinetic energy of ejecta, S. Pauker and N.H. Steiger-Shafrir [11] employed low pressure gas as a stopping medium, The emission of Cf ejecta was collected across a gap filled with air at different pressures. The width of the gap was 0.5 cm. By increasing the air pressure in the chamber, the particle flux is reduced in the manner shown in the figure. It is seen that the range of the particles is obtained by the break in the flux curve, and it is at 0.32 µg/cm 2 . To relate the air thickness to an actual length R and to a pressure p, we note that at room temperature Here, n is the number of air molecules per cm 3 , M is the molecular weight of a molecule (assumed to be 28.8 for air), and m amu is the atomic mass unit.
The pressure required to reduce the actual range to 0.5 cm is found to be 0.41 torr. The mean free path of the gas molecules at room temperature is
Assuming that the ejecta particles have a radius of r p = 10 nm, we have a Knudsen number of λ/r p = 10 5 . Accordingly, the drag exerted on the particle by the gas molecules is not given by the Stokes equation, but by the following equation for free molecular drag [13] 
where V is the particle velocity. The slowing-down of the particle in the gas is described by the equation of motion
and has the solution
where V 0 is the initial velocity. The actual range of the particle is now obtained as
Next, we write for the particle mass
and insert this into equation (7) . Using the definition for Θ from eq.(4) and the actual range of R = 0.5 cm, we finally obtain
Assuming a density of 10 g/cm 3 for Californium oxide and a particle radius of 10 nm, an initial velocity of 20.7 m/s is found. This corresponds to an average kinetic energy of 56.0 eV.
B. Theory of Energy and Momentum Distribution
The loss of energy of a charged particle in matter can be divided into three contributions. At very high particle velocities greater than the orbital velocity of bound electrons in the atoms of the stopping medium, the energy loss is due mainly to collisions with the electrons in the stopping medium and also due to the production of photons at relativistic velocities. At lower particle velocities, the charged particle transfers momentum directly to the atoms. The rate of energy loss of the incident ion consists then of the electronic, the radiative, and the nuclear stopping power. Traditionally, only the latter is considered to produce mechanical effects in the stopping medium such as atom displacements and structural defects, while the electronic and radiative losses are assumed to be converted to heat in the stopping medium. This conversion to heat is mediated by the secondary electrons and photons ejected from atoms of the stopping medium and subsequently absorbed within this medium but at locations away from their points of origin. The spread of this energy, mainly by the secondary electrons, creates the so-called ion track. In certain materials, the deposited energy results in subtle structural or chemical changes which can be revealed afterwards by preferentially etching away the altered material.
The spatial extent of the energy deposition from the secondary electrons has been of particular importance for water and for biological tissues to assess the biological effectiveness of nuclear radiation from different sources as it affects living organisms. These studies have shown that the ion tracks have diameters ranging from a few nanometers in heavy metals to micrometers in polymers and biological tissue. The great majority of secondary electrons receive modest to small amounts of kinetic energy, and its subsequent dissipation to the atoms in the track region imparts an even smaller impulse. It is perhaps not surprising that it has generally been assumed that the electronic energy loss of charged particles produces no mechanical effects in the stopping medium other than heat, i.e., an increase in the random motion of its atoms.
In the following section, we develop the theory for deposition of linear momentum and for energy imparted by the secondary electrons to the target atoms within the ion track. The theoretical derivation follows the model for the energy deposition developed by Kobetich and Katz [14] and others. In particular, the model of Kiefer and Straaten [15] is employed. This model uses a simple analytical formula for the penetration and range of energetic electrons in matter. The simple, analytical expressions thereby obtained contain the essential physics in a tractable form suitable for further applications. For example, the mechanical forces created in the ion track can be incorporated in a molecular dynamics code to perform large-scale atomistic simulations of the mechanical response of metals subject to high-energy, charged particle irradiations.
C. Impact produced by Energetic Ions on Matter
Let us first consider a simple case of a projectile of mass m and initial velocity v impacting and becoming embedded into a solid target of mass M; the target is initially at rest. Conservation of linear momentum demands that the velocity V of the target and the embedded projectile be given by
The kinetic energy of target and projectile after impact, E t , is then
where E p is the initial kinetic energy of the projectile. The internal energy of the combined target and projectile, U, has increased by the amount
This internal energy increase has in general many contributions: thermal energy, energy stored in dislocations and twins produced by the plastic deformation, enthalpy of transformation associated with new phases created by the transient pressure rise, and surface energy of the internal cracks and cavities formed during the deformation.
It is important to realize that both the internal energy and the mass M of a large target are not immediately affected at the moment of impact. Rather, only a small fraction of the mass M is initially accelerated and receives kinetic energy in the collision. This kinetic energy is subsequently shared with the remaining target mass by propagating shock and elastic waves spreading from the site of impact. Eventually, these propagating waves reflect from other parts of the target surfaces and are dampened by dissipative processes which convert their energy into heat, crystalline defects, and rupture surfaces.
During this gradual conversion, the target mass which is put into motion grows from the initial small amount, ∆M, composed of the atoms in direct contact with the projectile, to the entire mass M of the target.
Our aim in this paper is to determine ∆M as well as the associated impact forces for the case that the projectile is a high-energy, heavy ion penetrating a slice of matter while loosing part of its energy through the electronic stopping power. If we denote this loss of projectile energy by ∆E p , then the target mass ∆M receives from the projectile the kinetic energy component associated with the motion parallel to the projectile trajectory, henceforth called the axial or z-direction,
Note, that the projectile mass m p is not added to ∆M in the denominator of equation (13), in contrast to equation (12) , since the ion exits the slice of matter with thickness ∆x. Dividing equation (13) by this thickness leads to
The last part of equation (14) is obtained by first assuming that the target volume impacted by the projectile ion is equal to πR 2 ∆x and that the target mass density is ρ M . Second, we acknowledge that the kinetic energy is imparted on this target volume in a non-uniform manner expressed in the form of a kinetic energy density ∆e z (r) per unit volume. However, we suppose that this kinetic energy density depends only on the radial distance r measured from the trajectory of the ion, and that it extends to a maximum distance R, the radius of the ion track.
We express the kinetic energy density in the same manner as in fluid dynamics, namely as
where ∆v z (r) is the increment of the target atom flow velocity component parallel to the ion track. Obviously, there will also be a radial component ∆v r (r) and an associated kinetic energy distribution ∆e r (r) . Since the transfer of energy and linear momentum to target atoms is mediated by the electron shower produced by the projectile ion, the ionized and excited target atoms within the ion track will have absorbed an amount of energy, ∆U e , in addition to the mean excitation energy, ∆U I , produced directly by the projectile ion.
Conservation of energy leads then to the relationship
Equations (14) and (16) can be solved for the parallel and radial contributions of the kinetic energy imparted on target atoms, with the result that 2π ∆e z (r) r dr
These equations do not determine the actual spatial distribution of the kinetic energy imparted on the target atoms within the ion track column, they only impose global constraints due to the global conservation of linear momentum, equation (17), and energy, equation (18). To obtain the spatial distribution requires both an analysis of the secondary electron spatial and energetic distribution and the electron energy loss and its transmission to the target atoms. This will be done in the following section.
D. Energy Deposition by Secondary Electrons
Let us begin by considering the electrons emitted from one point along the trajectory of the incident ion, assuming that the trajectory is straight at this point. The electrons are emitted at various angles θ from the ion trajectory. If we neglect the initial electron velocity and its binding energy to the atom, then its recoil energy T is related to the scattering angle by
for non-relativistic energies T << 2mc 2 . Here, m is the electron mass, c the speed of light, and
is the maximum recoil energy imparted by the incident ion of mass M , kinetic energy E << Mc 2 , and ion speed V.
The secondary electrons have a projected range along their initial recoil direction which is given approximately by the empirical formula
A convenient measure for the spatial extent of the secondary electrons is the maximum range
With it, we introduce dimensionless radial and axial coordinates
A secondary electron with recoil energy T will reach its final destination (in an average sense) at the location
from its point of origin. Along its straight, projected path it will deposit both its energy and linear momentum. At the location (ρ < ρ m , ζ < ζ m ), it will have a residual energy w given by
Division of this equation by eq. (21) provide alternate forms, namely
We employ the second form and use eqs. (19) and (24) together with the definition
for the residual energy of the secondary electron at the position (ρ,ζ ) relative to its point of origin.
This expression needs to be multiplied with the number of secondary electrons emitted at a given angle or a given recoil energy. This number is given by the differential scattering cross section for elastic collisions of the incident ion of effective charge Z * e with the number density NZ of electrons in the stopping medium, i.e. by
Using eq.(19) in the form
this may also be written as
multiplied with πρ/B are shown in Figure 14 . The integration limits are determined by the solutions of Q(ρ,ζ 1,2 ) = 0.
E. The Impulse Deposition by Secondary Electrons
The energy deposition by the secondary electrons occurs by further ionization and excitation of target atoms and conduction electrons. Subsequent recombination and deexcitation results in electromagnetic radiation, most of which is absorbed by the target material and converted to heat. However, some fraction must result in mechanical impact forces on target atoms within the ion track in order to satisfy linear momentum conservation. We denote this fraction by F(ρ), and equate the product F(ρ)Q z (ρ) with the axial kinetic energy density ∆e z defined in equation (17). This equation then becomes 
F. Monte-Carlo Simulations of Energy Transport
Secondary electron generation and transport along ion tracks was examined with the TRIPOS-E code developed by Martin and Ghoniem [16] . Three examples are shown in Figure 15 . It is seen that with increasing mass of the projectile ion, the range of the secondary electrons increases, giving rise to a ion track of larger radial extension. It should be noted, that TRIPOS-E only follows the trajectories of the secondary electrons with energies higher than a specified value. Although this value can be chosen in principle to be low, in practice it is not possible to follow low energy secondary electrons since their numbers are excessively large, yet they deposit most of the energy. It is therefore necessary to compute the energy deposition profile with theoretical models such as presented in the previous section.
Exit Plan/ Summary
As stated previously, the experimental and modeling work was not completed. The samples irradiated at the MNRC are on site at LLNL and could be analyzed at any time in the future. The samples are contained in sealed ampoules and should remain in good condition for the foreseeable future.
The accelerator experiments, though insufficient in number to produce solid findings, show great promise of providing a parallel track of study in this area that avoids working with radioactive materials or reactor irradiations. Further experiments could provide valuable tests of the theoretical models. Our present experiments confirm the modeling studies which attribute the sputtering of materials occurs primarily from the fragments produced parallel to the surface rather than perpendicular to the surface. This appears to be borne out by the single grazing incidence experiment that was performed.
As mentioned above, the modeling work that was accomplished under this program was beginning to exhibit some accurate predictive power. Further work, along with the input of additional data, would further refine the model and expand its predictive capability. For example the size distribution and overall yield could be determined experimentally and expand with theory. Since these experiments and theory can be done in both grazing and perpendicular geometries, the distribution of energy radically and axially could be determined. The velocity of the particles could be measured if a suitable gas cell can be designed for use in the accelerator.
As a result of this study, fission fragment sputtering is better understood. Typical sputtering yield is about 2000 atoms per fission fragment. The energy of the ejected particulates (i.e. the sputtered material) is around 60 eV. This is a very low energy considering that fission fragments between 60 and 100 MeV are the source behind the sputtered material. The mechanism although not yet fully understood is likely the result of repulsive forces of the nuclei that result from the scattering and ejection of the secondary electrons that interact with the high energy fission fragments. These conclusions provide additional valuable insights into contamination control issues of high activity actinide materials.
